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I. SUbMAYR' OF RESPARCH

The objective of the work of this research program was to obtain

. understanding of the mechani.-ms that control high tz'mperature deformation

in metal single crystals containing non-deformable particles, in the hopc that

such information will aid in understanding the complex mechanical behavior

oC commercial, polycrystalline, dispersion strengthened alloys. This

objective was motivated by the belief that the presence of grain boundaries

invariably degrades the creep and rupture properties of commercial dispersion

strengthened metals and confuses efforts to understand their properties. U.

believe our work has made tt easier to understand the unusual properties

of dispersion strengthenel metals. We hope that the design and development

of dispersion stren~thened metals will be facilitated by the ideas we have

developed.

The main thrust of our experimental work has been on single crystals

of Ni-2OCr--2Th0. By studying the creep prope:ties of this material we

have been able to develop a ver; simple and rational explanation of the uniuaual

properties of dispersxn strengthened meralq. In particular, our work

has indicated that the very high activation energies and stress exponents

that have been reported for these materials have a direct and natural

explanation. Also, theunusua. am sometimes unpredic:able properties

of polycrystalline disper.-ion strengthened metals can now be understood

as a result of our work on single crystals. 1"nis work has been published:

R. W. Lund and !.. 1; Nix, "High Temperature Creep of Ni-2OCr-2ThO2 Single

Crystals", Acta Met. 24, 469 (1976). Copies of this paper are attached as

requested.

TLe ?rin..ipal finding of this research has been that, for all

practical purpn.,e , the Orowan passing strc.,; controls the high temperature
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creep properties. Our e~perhments show that measureable creep does not

occ,.ir below a critical stress close to the Orowan stress. Furthrmore,

we find that the creep rate above the critical stress is precisely what

ovi: wou J expect for th- matrix in question (Ni-20Cr) if the difference

between the applied stress and the critical stress is regarded as the

driving force for creep. This simple model describes the creep rate

to within a factor of 3 at all stresses and 'empeiatures. It follows

from the idea zf the critical stress that the sLress exponent will ' iarge

asid variable. When the stress is just slightly above the r :itical ftress

the creep rate is extremely stress sensitive because a small variation in

the applid stress might rc'respond to an enormous change in the Litfective

stress. in this way we have shown that the stress exponents for creep

of dispersion strengthened metale: can have virtually any value, provided that

the applied stress is judiciously fixed with respect to the critical stress.

S'nce th, Lzeep rate in dispersion strengthened metals depends very

soasitively on stz -ss, it follows that the apparent activation energy can

be anomalously large. This occu.-s becaus, creet deformation depends -n

the rati,. of i'he stress to the elastic mcdulus; a large stress dependence

implies a coriespondingly lz.:ge dependence on elastic modttlus. Since the

elastic mcdu,,s is temperature dependent, ir follows that the creep rate

is te ?ei..ture dependent nor only through the activation energy but also through

the temperature dependent elastic .odulus. We have shown that the high

activation energies that have been reported for dispersion strengthened metals

result fr-om the temperature dependence of the elastic modulus. When

a correction for this temperature dependence ts wade the activation energy

fallsvwry close to that for self diffuzion, just as it does for pure metals
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and solid solutions. In the present work on Ni-20Cr-2ThO2 single crystals

we also find the creep activatinn energy to be that for self (diffusion.

This work has been published: P. W. Lund and W. D. Nix, "On High Creep

Activation Energius for Dispersion Stcengthened ,ecals", Me,. Trans. 6A,

1329 (1975). CopiL3 of this paper are attached as requested.

Our experiments on single crystals help to explain the unusual

properties fthat have been observed for polycrystalline dispersion strengtheaed

metal-. Polycrystals creep at applied st.esses that are well below the

Orowan stress. This is the result of grain boundary sliding and the develop-

meat of stress concentLations at grain boundary junctions. At points of stress

concentration the Orowan stress is exceeded and creep occurs. Elsewhere

in the sample the Orowan stress or critical stress is rot exceeded and

creep does not occur. Fr.-:-ire evidently occurs before the entire sample

can undergo creep de.ormation. Thus creep in polycrystalline samples

is a highly inhomogeneous proces.. In single crystals the deformation occurs

more homogeneously ith the consequence that the basic mechanisms are more

clearly revealed.

As noted above, our work on the creep properties of Ni-20Cr-2Th0.

indicated a critical threshold stress below which creep could not be

detected. Our early work indicated that tre critical stress is close

to t ie Orowan bowing stress for our crystals. We made this determination

by comparing the measured critical stress with that calculated on the basis

of the observe- 1h02 narticle spacing. However, such calculations always in-

volve certa,.-. unknolins so that we cannot pinpoint the Orowan stress

exactly. Ir. an effort to &trengthen this part of our work we measured the

room te-perature yield strength of oriented crystals of Ni-20Cr-ThO2 and

obtained the dro,,|| stress experimentally. The results indicated that altheugh
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the creep threshold stress is close to the Orowan stress as we had deduced

earlier, in fact the threshold stress lies soaewhat below the Orowan

stress (the threshold stress is about 65% o the Orowan stress). This

result is important bvcause it indicates that we have. in-.led, detected

measureable creep below the Orowan stress. This is expected theoretically.

This refinuement of our understanding of the threshold stress dues not

alter our general finding that the Orowon stress controls virtually all of tie

creep properties of dispersion strengthened crystals. This work 1as been

accepted for publication: C. M. Pharr and V. D. Nix, "A Comparison of the

Orowan Stress with the Threshold Stress for Creep for Ni-20Cr-2ThO2 Single

Crystals" (to be published in Scripta Met.) a copy of the preprint is attached

as requested.

Our study has indicated that dispersion strengthened single crystals

are inherently very ductile. While po'y-rystalline dispersion strengthened

metals typically fail in creep after about one percent strain, our single

crystals showed very much higher ductility. We find elongations to

failure as high as 30% and reduction of areas Lypically in the 60-80Z range.

These ductilities are achievable because high angle grain boundaries are

not present to cause fracture. Failure in these crystals occ,.rs by the

onset of plastic instability and neLki.g. We have r-ide a theoretical study

of this kind f failure process. it indicates that the elongition to failure

shouldhe a very sensitive function of the apparent stress exponent for

creep. In ter=s of our present understanding of creep in dispersion

strengthened crystals the prediction is that the creep elo.,gation to

failure bet.omes very small when the applied st-es is -,nly slightly

greater than the critical threshold stress. This predictio, is verified
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by thetxperimental r.,sults. This theoretical work has been published: ,11. A.

Burke and W. D. Nix, "Plastic Instabilities in Tension Creep , Acta Met. 23,

793 (1975). CopiL-s o!f this paper are attached as requested.

We have always beea interested in the physical mechaniss by which

creep occurs in dispersion strengthened metals. Our first theoretical

effort was to study the rate at which edge dislocations climb over circular

inclusions. Though the geometry of this problem is somewhat artificial,

this study laid the ground work for our later theoretical analyses. Our

first study did indicate that the elastic properties of the dispersed

phaseare not likely to be important to creep in dispersion strengthened

crystals. This work has been published: .7. H. tkflbrook and W. D. Nix,

"Edge Dislocation Climb Over Non-Deformable Circular Inclusions", Met. Trans.

5, 1033 (1974). Copies of this paper are attached as requested.

A more complete theoretical study of dislocation over non-deformable

inclusionslus been completed. The basic thrust of our study has been

to determine why creep occurs so slowly below the Orowan Stress. We

have made a completely new analsis of this problem taking into ",ccount

the configuration of the dislocation as it climbs over the particle.

This analysis indicates that the creep rate should drop rapidly below the

Orowan stress, in agreement with our observations. We have also shown that

the stac:-ing fault energy may influence the creep rate by making it impossible

for so-e di io:ations to climb over particles. Considering all of these

factors, we have bcen able to develop a quantitative description of creep

below the Orowan stress that is consistent with our experiments. This work

is now completed and is described in John UIolbrooks Ph!) Thesis. Journal

articles describing this work are now in preparation.

Our study of the -roep prope:rties of dispers.on strengthened single

crytals as raised a number of questions dbout 
the mechanisms responsible
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for creep flow in particle strengthened 5ystemz. In an effort to answer these

questions Cdprovide a fullt.r understanding of creep in these materlals

we bave u.,-:rtakn a transmis.ion electron microbcopy study of the creep

substructure in .i-20Cr-21h02. To our st:rprise we find the dislocation

density and subgrain size to b% almost exactly %,hat one :culd expect

for a pure metals or simple solid solutian. The dispersion that jo dramatically

improvas the strength has virtually no effect on the SUiSL:,,cture. We

are presently using this information as a basis for constructing a more

complete and detailed theoretical picture creep in dispersion strengthened

metals. Our transmission electron microscopy .nrk is now complete. A paper

has been prepared for publication and will be submitted to Acta Met. this ronth.

During the last year of this program the crientation of our work

has been changing. We are now engaged in a study of the processing

of dispersion strengthtned metals. We are interested in mechanical

alloying as well as in tha thermo-mech:inic;,. processing needed to prd-u-ce

elongated grain structures. We have developed the technique for mechanical

alloying an|ihve reproduced certain classical experiments. We have

also succeeded in mechanically alloying al.minum powder that may contain

a fine dispersion of Al 203. This work was described in our recent proposal

to AFOSR. ;e have also succeeded in m'iking elongated grain structures

in an Al-Si a'!ov. Ve expect to be able to understand the factors that

lead to elo.ngated grain strcutres oy studying this and other simple systems.
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